The nickel(II), copper(II) and zinc(II) complexes of the proline-thiosemicarbazone hybrids 3-
Introduction
Thiosemicarbazones (TSCs) are known as versatile ligands for various metal ions. 1 Especially their first row transition metal coordination chemistry is well developed. 2 Specific feature of TSCs and their metal complexes is their broad spectrum of biological properties including antiviral, antibacterial, antimalarial, antifungal and anticancer activity. 3, 4, 5, 6 α-Nheterocyclic TSCs (HCTs) are known for their anticancer activity since the 1950s when 2-formylpyridine thiosemicarbazone was discovered to possess in vivo antileukemic activity in a mice model. 7 The best studied HCT to date is 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP), also referred to as Triapine, which has already been examined in several clinical phase I and II trials. 8, 9, 10 Triapine was found to be safe and effective against hematologic malignancies, e.g. leukemia. 11, 12 A recent clinical phase II study including 37
patients with aggressive myeloproliferative neoplasms is of particular note since a response rate of 49% and complete remission in 24% of all patients has been documented. 13 However, other clinical phase II studies showed that Triapine is ineffective against a variety of solid tumors including pancreatic, adeno-, lung and renal carcinoma. 14, 15, 16, 17 In the 1970s it was discovered that HCTs are inhibitors of the enzyme ribonucleotide reductase (RNR), 18, 19 which catalyzes the rate determining step of DNA synthesis, namely the reduction of ribonucleotides to the corresponding 2'-deoxyribonucleotides. 20 Several mechanisms of RNR inhibition by thiosemicarbazones and especially Triapine have been proposed. 18, 21 The until recently favored mechanistic scheme was that Triapine forms an iron(III) complex within the cell, which is reduced to Fe(II)-Triapine by intracellular reductants. Then the iron(II) complex reacts with oxygen, which leads to the formation of reactive oxygen species (ROS) able to quench the RNR's tyrosyl radical. 22, 23, 24 However, quite recently it was found that quenching of the tyrosyl radical is not oxygen dependent, suggesting that it might be reduced directly by the Fe(II)-Triapine complex without involvement of ROS. 25 A second known target for HCTs is topoisomerase IIα (Topo IIα) an enzyme which controls the DNA topology during cell division by inducing temporary double strand breaks. 26, 27, 28, 29 A series of Topo IIα inhibiting HCTs showed high affinity for the enzymes ATP binding pocket, thus acting as catalytic inhibitor of Topo IIα without the generation of DNA double strand breaks. 30 Although the structureactivity relationships (SARs) for HCTs Topo IIα inhibition are far from being completely understood, it was suggested that reaction with copper(II) leading to square-planar complexes enhances the Topo IIα inhibition rate significantly. 31 Nickel(II)-TSC complexes gained attention in the past few years. The reasons for this are the versatile coordination geometry preferences of this metal ion (square-planar, octahedral, tetrahedral), the formation of monomeric and dimeric complexes and its ability to mimic to some extent platinum(II), which is of great importance in chemotherapy. 32, 33, 34, 35, 36, 37 The latter, however, is characterized by quite different ligand exchange rate constants. 38 Some salicylaldehyde TSC based nickel(II) complexes exhibited higher cytotoxicity than cisplatin (cis-diamminedichloridoplatinum(II), CDDP) in human cancer cell lines, while they were relatively nontoxic in normal kidney cells, demonstrating the potential of nickel(II)-TSC complexes for clinical development. 39 Zinc(II) shows low systemic cytotoxicity and forms easily TSC complexes. Moreover, the cytotoxicity of the zinc(II) complex is often enhanced compared to the free ligand. 40, 41 A HCT based zinc(II) complex showed comparable cytotoxicity to 5-fluorouracil in human cancer cell lines 41 and a polyhydroxybenzaldehyde TSC based zinc(II) complex inhibited topoisomerase I. 42 One of the great challenges in the design of new TSCs as possible anticancer compounds is to find the optimal balance between lipophilicity and water-solubility without losing efficacy.
Increased bioactivity has been reported in the literature in many cases due to the higher explains the limited number of studies in aqueous solution reported so far. 43, 44, 45, 46, 47 From the other side aqueous solubility has influence on a compound's bioavailability through solubility-limited absorption, but is important for validation of in vitro antiproliferative activity assays. 48 We reported recently on the first proline-TSC hybrids (L-and D-Pro-FTSC) and their copper(II) complexes. 49 These compounds are highly water-soluble. However, they exhibited only moderate to low cytotoxicity (IC 50  100 µM in CH1 cell line for the copper(II) complexes, >300 µM for the free ligands), when compared with other HCTs that showed IC 50 values in the nanomolar range. 50, 51, 52 This low cytotoxicity is presumably caused by the very low lipophilicity of these compounds, which may hinder cell membrane passage.
Nevertheless, complex formation with copper(II) had a favorable effect on antiproliferative activity. We decided to extend our work and study the effect of other metal ions on cytotoxicity of L-and D-Pro-FTSC and that of dimethylation of terminal aminogroup in previously reported hybrids and their metal complexes. Dimethylation at terminal nitrogen of other HCTs was reported to increase the cytotoxicity. 53, 54 Herein we report on the synthesis of a new chiral ligand dm-L-Pro-FTSC or (S)-H 2 L 2 , along with two optically pure enantiomers L-Pro-FTSC and D-Pro-FTSC reported previously, and on six new nickel(II), copper(II) and zinc(II) complexes (13 and 68), in addition to two previously reported copper(II) complexes (4 and 5) (Chart 1).
Chart 1. L-and D-Pro-FTSC and dm-L-Pro-FTSC and their metal complexes studied in this work. Underlined numbers indicate complexes investigated by X-ray diffraction. Cocrystallized solvent is not included in the formulas (see Experimental section).
The compounds were characterized by analytical and spectroscopic methods, magnetic susceptibility and EPR measurements (1) and X-ray diffraction (13, 6 and 7). Solution equilibria of the nickel(II) and zinc(II) complexes formed with L-Pro-FTSC were studied in detail by the combination of various methods such as pH-potentiometry, UV−vis and 1 H NMR spectroscopy in order to determine the stoichiometry and the thermodynamic stability of complexes formed in aqueous solution. Complexation of these bivalent metal ions is compared to that of copper(II). Finally, the antiproliferative activity and hR2 RNR inhibiting activity of new compounds was assayed and discussed.
Experimental
Chemicals. 2,6-Dihydroxymethylpyridine and L-proline methylester hydrochloride were purchased from Alfa Aesar, while D-proline methylester hydrochloride from Acros Organics.
Solvents were dried using standard procedures if needed. 55 58 The average water ionization constant, pK w , is 13.76 ± 0.01, which corresponds well to the literature data. 59 The reproducibility of the titration points included in the calculations was within 0.005 pH. The pH-metric titrations were performed in the pH range 2.0 − 11.5. The initial volume of the samples was 5.0 mL.
The ligand concentration was 2 mM and metal ion-to-ligand ratios of 1:1 − 1:4 were used.
The accepted fitting of the titration curves was always less than 0.01 mL. Samples were deoxygenated by bubbling purified argon through them for approximately 10 min prior to the measurements. Argon was also passed over the solutions during the titrations.
The protonation constants of the L-Pro-FTSC were determined with the computer program HYPERQUAD. Measurements for the nickel(II) − L-Pro-FTSC systems at metal-to-ligand ratio 1:1 were also carried out at various concentrations (1 M -0.8 mM) and at pH 7.4 (20 mM HEPES buffer). Crystallographic Structure Determination. X-ray diffraction measurements were performed on Bruker X8 APEXII CCD and Bruker D8 VENTURE diffractometers. Single crystals were positioned at 40, 35, 100, 35 and 40 mm from the detector, and 561, 772, 2147, 
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where n is the number of reflections and p is the total number of parameters refined.
Magnetic Measurements and EPR Spectroscopy. Magnetic susceptibility data (2300 K) were collected on powdered samples using a SQUID magnetometer (Quantum Design MPMS-XL) at 0.1 T. The temperature dependence of the magnetic susceptibility for dinuclear nickel(II) cluster 1 was analyzed according to the Hamiltonian (eq 1),
in which {g 1 } and {g 2 } represent the local g matrices, {D 1 } and {D 2 } are the local single-ion zfs tensors and the {D 12 } term contains the magnetic dipolar interactions along with the anisotropic exchange interactions between the metal ions. The more commonly used zfs parameters D and E are related to the tensor components by eq 2:
These formulas are valid for each of the {D} quantities in eq 1.
To obtain a manageable model it was assumed that the two Ni ions are equivalent, which is not were assumed equal. These {D} tensor components were not fitted but were calculated from the D and E values in the S = 2 state found from EPR (below). The spin Hamiltonian matrix was diagonalised to find the energy levels and the magnetic susceptibility per mole of dimer was calculated from eq 3:
The derivatives E i /B were evaluated numerically by calculating the energy levels slightly below and slightly above (±5 Gauss) the operational magnetic field of a SQUID magnetometer (1000 G in our case).
The terms {D 1 } and {D 2 } represents the usual Zero-Field Splitting (ZFS) of the 3 A 2 ground state of Ni(II). 65 This and similar models have been widely used to characterize magnetic interaction in different dinuclear nickel(II) complexes. 65, 66, 67 We also allowed an interdimer exchange term (zJ') in the molecular field approximation 68 according to the eq. 4:
The X-band (9.5 GHz) EPR spectra were recorded at 20 K on a Bruker Elexsys-II EPR spectrometer with an Oxford Instruments ESR900 helium cryostat under the following conditions: microwave power 3.2 mW, modulation amplitude 5 G, modulation frequency 100 kHz, conversion time 29.3 ms. The concentration of the tyrosyl radical was determined by double integration of EPR spectra recorded at nonsaturating microwave power levels, and compared with the copper standard (1 mM CuSO 4 in 10 mM EDTA). The calculated radical concentration was normalized and expressed in percent of the control sample. High-field, highfrequency EPR spectra at temperatures ranging from ca. 3 to 10 K were recorded on a home-built spectrometer at the EMR facility of the NHMFL. 69 The instrument is a transmission-type device in which microwaves are propagated in cylindrical lightpipes. The microwaves were generated by a phase-locked Virginia Diodes source generating frequency of 13 ± 1 GHz which was multiplied by a cascade of frequency doublers and/or triplers. A superconducting magnet (Oxford Instruments) capable of reaching a field of 17 T was employed.
We simulated EPR spectra of 1 using the "giant spin" approach, in which the spectra of the coupled states (S = 1 and S = 2) were analyzed separately in terms of the coupled-spin Hamiltonian (eq 5):
in which each of the spin states has its own zero-field splitting parameters D, E and g matrices which can be related to the single-ion parameters 64, 70 corresponding to the spin Hamiltonian (1).
Cell lines and culture conditions. Human cervical carcinoma (HeLa), human melanoma MTT assay. Antiproliferative activity of the investigated compounds was determined using 3- 
Results and Discussion
Synthesis and Characterization of dm-L-Pro-FTSC. dm-L-Pro-FTSC was synthesized in six steps as shown in Scheme S1. The first five steps to the key-aldehyde F were described in detail previously. 49 Aldehyde F was then condensed in a Schiff-base reaction with 4,4-dimethyl-3-thiosemicarbazide in dry ethanol at room temperature. dm-L-Pro-FTSC exists as a mixture of E and Z isomers in DMSO with a E : Z ratio of 1 : 0.39.
The proton at the hydrazinic nitrogen N 2 , in the Z configuration is involved in a hydrogen bond to the pyridine nitrogen leading to a strong downfield shift of its resonance signal from 11.20 to 14.75 ppm. The solvent dependent formation of E and Z isomers is well documented in the literature and our data is in good agreement with that reported for other α-pyridyl-TSCs. 72 The purity of the compound was further confirmed by elemental analysis. The ESI mass spectra The complexes are involved in intermolecular hydrogen bonding interactions. In particular, the nitrogen atom N4 of one terminal amino group in the dimer 2 acts as a proton donor in hydrogen bonds to oxygen atoms O6 and O7 of the two co-crystallized methanol molecules (see Figure   S4 ), while the nitrogen atom N9 of the second terminal amino group also forms two hydrogen bonds, one to carboxylato oxygen atom O4 i , and the second to O8 i of the third co-crystallized methanol of the adjacent complex. The hydrazinic nitrogen N3, and carboxylate oxygens O1, O2
and O4 are proton acceptors in strong hydrogen bonds with O8 Dimethylation of the terminal amino group reduces strongly the involvement of complexes in intermolecular hydrogen bonding interactions, as can be seen in the crystal structures of 3 and 6.
Detail of H-bonding in 3 is not specified because of severe disorder of co-crystallized methanol molecules in the crystal. The co-crystallized water molecule in 6 acts as a proton donor to carboxylato oxygen atom O2 i and thiolato atom S ii forming two strong hydrogen bonds ( Figure   S5 DFT calculations. "Broken-symmetry" 77 Density Functional Theory (DFT) calculations were performed using the software package ORCA 78 to get more insight into the exchange interactions. The X-ray coordinates were used in the calculations. The TZVPP function base was used for nickel and all coordinated atoms while VDZ functions were used for other atoms. 79 The B3LYP functional was employed. 80 In the "broken symmetry" procedure an SCF calculation is first performed on a molecule in the high-spin state (HS), which in our case is an S = 2 state.
Next, a "broken symmetry" state (BS) is set up in which two unpaired electrons on one nickel(II)
are spin-up and two electrons on another nickel(II) are spin-down and a second SCF calculation is performed. The exchange integral is then evaluated using: J = (E HS E BS )/(<S 2 > HS <S 2 > BS )). J = 15 cm 1 was calculated, in a reasonable agreement with the result of the magnetic data fitting. (converted to the notation used in this paper), the overlap integrals of 0.042 and 0.075 were found in an analogous calculation. 81 EPR Spectra. Well resolved high-field spectra were observed at frequencies over the range 50420 GHz at 3 K -the lowest temperature that can be reached on our EPR instrument ( Figure   7 ). At this temperature the spectra are expected to exhibit mainly transitions within the ground quintet state (S = 2). No resonances due to the excited S = 1 state were observed at higher temperatures as the spectra quality very quickly deteriorated with the temperature. The highestfield resonance in the 156 and 222 GHz spectra in Figure 7 , which moves beyond the available magnetic field at higher frequencies, is the "Z" resonance in the S = 2 state.
The "giant spin" method requires that the coupled spin states are well separated from each other, which is not fulfilled in the present case where the exchange interactions are comparable to the zero-field splitting causing their mixing. Simulation of the powder spectra was thus not successful, but the observation of the high-field "Z" resonance over a wide range of frequencies 
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The nickel(II) complexes with L-Pro-FTSC and D-Pro-FTSC (1 and 2) were found to be very hydrophilic and practically no metal complex could be detected in the organic phase after partitioning. Therefore, only a threshold limit could be estimated for their distribution coefficients (logD 7.4 < −1.7) as in case of the ligands alone. 49 The dimethyl derivatives as expected were still hydrophilic, but appreciably more lipophilic than nonmethylated compounds.
Proton Dissociation Processes of the Ligand L-Pro-FTSC. pK a values of L-Pro-FTSC (see Chart 1) were determined in aqueous solution by the combined approach of pH-potentiometric, UV-vis and 1 H NMR titrations in our previous work 49 and data obtained here were found to be identical with them. Although, this organic compound consists of four dissociable protons (COOH, N Pro H + , N pyridine H + and N hydrazinic H) only three pK a values can be determined in the studied pH-range. pK 1 (1.86) most probably belongs to the deprotonation of the COOH moiety (partly overlapped with the deprotonation of N pyridine H + ) and pK 2 (8.78) and pK 3 (11.08) to N Pro H + and the hydrazinic-NH functional groups, respectively. It is noteworthy that the ligand is mainly present in its neutral form at pH 7.4 adopting a zwitterionic structure, which results in excellent water-solubility and a fairly hydrophilic character. 49 Complex Formation of L-Pro-FTSC with Zinc(II) and Nickel(II) in Aqueous Solution.
Complex equilibria in water were investigated by pH-potentiometry in all cases and stoichiometries and cumulative stability constants of the metal complexes furnishing the best fits to the experimental data are listed in Table 2 . The recorded titration curves indicate that L-Pro-FTSC is an efficient metal-ion chelator in a wide pH range for nickel(II) and zinc(II) ions.
Representative titration curves ( Figure 9 ) reveal that complex formation processes start at lowest Table 2 ). The higher pM value represents stronger chelating ability. pM values calculated show that the ligand effectiveness is increased in the following order: zinc(II) < nickel(II) < copper(II). Additionally the distribution of the mono complexes of zinc(II) and nickel(II) was calculated based on the determined stability constants at physiological pH at various total concentrations and depicted in Figure 10 . Complexes [ML] predominate at this pH in all cases and as it is expected the partial dissociation resulting in free ligand and metal ion is more pronounced with decreasing total concentrations. Nickel(II) is able to preserve the original entity more efficiently owing to the higher stability of its complex, however even in the case of zinc(II) the decomposition of [ZnL] is only 8% at 1 M concentration at pH 7.4. We further investigated the antiproliferative activity of the dm-L-Pro-FTSC hybrid and its copper(II) and nickel(II) complexes. The results shown in Table 3 Ribonucleotide reductase inhibition capacity. The reduction of the tyrosyl radical content in human R2 RNR protein by L-Pro-FTSC and dm-L-Pro-FTSC hybrids, and complexes 4, 6, and 7
was monitored by EPR spectroscopy. The hR2 protein exhibits an EPR spectrum that arises from the tyrosyl radical associated with enzyme activity (Figure 16b inset) . 89 It was observed that in the non-reducing conditions, the compounds are not active in tyrosyl radical destruction ( Figure   16a ). Moreover, complex 4 caused a small increase in tyrosyl radical content, an effect which was previously observed when mouse R2 protein (mR2) was incubated with only DTT. 24, 90 An increase in radical content is caused by the continued radical reconstitution process which requires the presence of oxygen. This result indicates that in the absence of a reductant, complex 4 may have a protective role for the tyrosyl radical in hR2. It is interesting to compare these compounds with Triapine which is an analog of 2-formylpyrine thiosemicarbazone. Triapine was shown to be a good mR2 24 and hR2 25 
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